Introduction
In recent years there has been a great deal of research concerning the use of organometallic precursors for the formation of inorganic materials.
[1] The advantages of using organometallic precursors are twofold. First, it is possible to design and synthesize single-source precursors with a specific stoichiometry so that a desired compound, composite, or doped material can be obtained without process-specific problems such as mixing of reactants. Thus, ideal dispersion of elements on a molecular scale can be reached. Second, conversion of a single organometallic precursor into the desired product is more controllable and takes place at lower temperatures than for multicomponent systems in most cases. Not only can the stoichiometry be predetermined, but reaction pathways can also be controlled through a suitable choice of the molecular architecture of the precursor. Thus, finding new organometallic single-source precursors, with which to synthesize tailored materials, is of high relevance.
Herein we investigate the formation of zinc silicate by such an organometallic single-source precursor route. Zinc orthosilicate, a-Zn 2 SiO 4 (a-willemite), [2a] doped with divalent manganese ions, is of extraordinary interest as it is commercially used as a green-emitting phosphor material [2b] for plasma display panels.
[3] The a-Zn 2 SiO 4 phase is typically produced by solid-state methods that require high-temperature processes with long processing times. [3a,b, 4] One task is Abstract: A method is presented to prepare nanocrystalline a-Zn 2 SiO 4 with the smallest crystal size reported so far for this system. Our approach combines the advantages of organometallic single-source precursor routes with aerosol processing techniques. The chemical design of the precursor enables the preferential formation of pure zinc silicates. Since gas-phase synthesis reduces intermolecular processes, and keeps the particles small, zinc silicate was synthesized from the volatile organometallic precursor [{MeZnOSiMe 3 } 4 ], possessing a Zn-methyl-and O-silylsubstituted Zn 4 O 4 -heterocubane framework (cubane), under oxidizing conditions, using the chemical vapor synthesis (CVS) method. The products obtained under different process conditions and their structural evolution after sintering were investigated by using various analytical techniques (powder X-ray diffraction, transmission electron microscopy, EDX analysis, solid-state NMR, IR, Raman, and UV/ Vis spectroscopy). The deposited aerosol obtained first (processing temperature 750 8C) was amorphous, and contained agglomerates with primary particles of 12 nm in size. These primary particles can be described by a [Zn-OSi] phase without long-range order.
The deposit obtained at 900 8C contained particles with embedded nanocrystallites (3±5 nm) of b-Zn 2 SiO 4 , Zn 1.7 SiO 4 , and ZnO in an amorphous matrix. On further ageing, the as-deposited particles obtained at 900 8C form a-Zn 2 SiO 4 imbedded in amorphous SiO 2 . The crystallite sizes and primary particle sizes in the formed a-Zn 2 SiO 4 were found to be belowtherefore to find routes for the production of Zn 2 SiO 4 that are more energy efficient and easier in terms of processing. In addition, it is of special interest to prepare nanoscaled zinc±silicate particles to improve the dispersion and luminescence properties of related phosphor materials. Quantum confinement in nanocrystalline materials can result in an improvement of luminescence properties, as has been found for many phosphor materials. [5] Additionally, nanoscaled phosphor materials offer the potential for preparing smoother films with higher packing densities than for conventional micron-sized phosphors. [3c,d] In conventional powder processing, grinding and milling are applied to obtain the size desired for applications. This kind of processing leads to particles with irregular morphologies and low luminescence efficiencies. Several investigations have been performed to develop alternative chemical procedures towards compositionand morphology-controlled a-willemite particles and thin films. For instance, methods have been reported for the synthesis of particles of pure and doped a-Zn 2 SiO 4 using sol± gel synthesis, [6] low-temperature synthesis in an aqueous medium, [7] hydrothermal synthesis, [8] a polymeric precursor route, [9] and spray pyrolysis. [10] However, examples of truly nanosized zinc silicate are still very rare, as produced Zn 2 SiO 4 particles range from several hundred nanometers to several micrometers in most cases. Su et al. prepared irregularly shaped a-Zn 2 SiO 4 particles in the range of 50±100 nm using solid-state thermolysis of a nonvolatile oxygen-rich molecular alkoxy(siloxy)zinc precursor. [9] Very recently, Tani et al. reported the synthesis of a-Zn 2 SiO 4 nanoparticles with crystallite size below 100 nm by post-calcination of flamemade zinc oxide±silica composites.
[10d]
Gas-phase synthesis of particles by chemical means (chemical vapor synthesis, CVS) [11] is promising because of its simplicity, easy scale-up and continuous processing. CVS is performed at higher process temperatures, higher precursor partial pressure, and longer residence time than chemical vapor deposition (CVD), and thus results in particle formation. [11] Particles formed by CVS are generally nanocrystalline with a relatively narrow size distribution. Thus, use of a suitable organometallic precursor under CVS processing conditions should produce nanosized particles of a desired compound. However, the availability of suitable organometallic single-source precursors is still limited. Only one volatile precursor, [Zn{NC(CH 3 ) 3 [Si(CH 3 ) 3 ]} 2 ], has so far been reported for the preparation of Zn 2 SiO 4 . [12] The present work is devoted to the detailed investigation of the CVS of a-willemite nanoparticles using a volatile organometallic precursor, which is described in more detail below. Besides the investigation of the formation of Zn 2 SiO 4 , it is also very interesting to explore the fundamental differences between a solid-state and a gas-phase decomposition route. The decomposition in the solid state is essentially a process with a high density of precursor molecules, for which diffusional processes are the dominating mechanism. CVS, on the other hand, uses the precursor highly diluted in a carrier gas. Herein, therefore, we also explore the differences between the CVS (gas-phase) and solid-state transformation of a particular precursor in the formation of Zn 2 SiO 4 .
A suitable organometallic precursor for the preparation of zinc silicate should possess sufficient volatility and contain all the necessary elements. In this study a siloxy-substituted tetranuclear heterocubane cluster (also denoted as ™cubane∫ in the text) of the formula [{MeZnOSiMe 3 } 4 ] is used. Although the siloxy-substituted zinc compounds have been known for a long time, [13] no investigation, to the best of our knowledge, has so far been carried out on their use as a precursor for Zn 2 SiO 4 synthesis. The precursor we use here, [{MeZnOSiMe 3 } 4 ], has the advantages that it is easily accessible, even in gram amounts, [14] and contains the elements Zn:Si(:O) in the ratio 1:1(:1). Thus, formation of zinc silicate is expected to be possible under oxidizing conditions.
Results and Discussion
We first investigate the solid-state transformation of the precursor and then describe the CVS synthesis.
Investigation of the solid-state decomposition
The solid-state transformation of the cubane to zinc silicate was mainly studied by thermogravimetric analysis (TGA). As found by powder X-ray diffraction (XRD), the precursor slowly decomposes to ZnO due to atmospheric humidity, when exposed to air. To obtain insight into the thermal decomposition of the precursor under both inert gas and oxidizing conditions, TGA, differential thermogravimetric analysis (DTG), and differential thermal analysis (DTA) were performed ( Figure 1) .
The precursor begins to lose weight at 60 8C under an argon atmosphere (see Figure 1 a) . A continuous but slow loss (5 %) in mass occurs up to 180 8C, which we attribute to the sublimation of the cubane. For the CVS experiments that are discussed later, it is important to confirm that the cubane enters the gas phase in tact. We therefore studied the vapor composition resulting from heating the cubane in a separate experiment. The cubane was heated from 60 to 140 8C over 72 h in the evaporation furnace of the CVS equipment (Figure 2) , passed through the second furnace (at 300 8C), and the solid products collected (everything under inert-gas conditions).
[14b] The XRD pattern of this deposit was recorded and compared to the pure cubane reference. Practically identical patterns (not shown) are obtained. Additionally, the NMR spectrum of the deposit (taken in C 6 D 6 d ZnMe = 0.01 ppm; d OSiMe3 = 0.4 ppm) shows nondecomposed cubane. Additionally, traces of by-products (% 2±4 %) were detected by NMR spectroscopy. The chemical shifts of the latter have been assigned to polysiloxane species. We conclude that the cubane undergoes negligible decomposition, even up to 300 8C in the gas phase, in an inert atmosphere. This is in contrast to the behavior of the cubane during solid-state decomposition, as further investigated by TGA (discussed later). The composition of the cubane vapor was further investigated by TGA-MS to improve the understanding of the solid-state decomposition of the cubane. However, the extended description of these results is beyond the scope of this paper, and is given elsewhere. [15] ¹ 
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From that study we note that sublimation of the cubane leads to a vapor that contains mostly intact cubane (> 90 %), but also small amounts of gaseous decomposition products such as Me 4 Si.
To understand the differences between solid-state and gas-phase scenarios, it is necessary to examine the solidstate decomposition process more carefully.
The solid-state decomposition, studied by TGA, takes place in the region between 184 and 270 8C (see Figure 1 a) , and finally % 58 % mass is left over (mass loss 42 %). The previous results underline the difference between the gasphase and solid-state decomposition of this particular compound. The cubane [{MeZnOSiMe 3 } 4 ] seems to be significantly less stable in the solid state than under CVS conditions (T decomp (gas) @ T decomp (solid)). In previous studies this solid-state decomposition in an inert atmosphere was investigated in more detail.
[15b] It was seen that the cubane undergoes two alternative decomposition pathways, one leading to Zn (+MeOSiMe 3 +polysiloxanes), and another to ZnO (+Me 4 Si).
However, in the case of a quantitative transformation of the cubane to ZnO, the expected weight loss is 52 % (in the case of the transformation to Zn and MeOSiMe 3 , the expected weight loss is even greater; 62 %). In addition to the 5 %, which had already been sublimated, some cubane evaporates between 200 and 270 8C without decomposition. The behavior of the cubane can be investigated in more detail by DTA measurements (Figure 1 a) , and at low temperature we find a negative DTA signal, which we attribute to the sublimation of the cubane. The first strong exothermic process is found in the temperature region 140±185 8C, where a maximum is reached. However, the main decomposition process takes place at higher temperatures, with a maximum at 248 8C. A third DTA maximum occurs at 312 8C, with significant heat being released, although the mass loss is relatively small. As was mentioned before, possible products of the decomposition under argon are Zn or ZnO as described elsewhere. [15] We then decided to study the influence of oxygen addition upon the solid-state decomposition, as CVS is also conducted in an oxygen-containing atmosphere. The TGA trace (5 K min À1 heating rate) is shown in Figure 1 b. By comparing Figure 1a and b it becomes evident that oxygen has significant impact on the decomposition behavior of the cubane. There is practically no mass change in the temperature region between 25 and 113 8C. Then, surprisingly, the mass increases by 3.2 %. We attribute this to oxidation of the cubane. The mass is practically constant until 200 8C. The decomposition of the cubane then occurs almost instantaneously. This can be clearly seen in the DTG curve which shows that the mass-loss signal is very narrow with a maximum at 216 8C. There is a subsequent slower loss of mass of 10 % between 225 and 440 8C. Finally, at 900 8C, 66.9 % of the initial mass is left. In the case of a quantitative transformation of the cubane to Zn 2 SiO 4 (+SiO 2 ), the expected residue would be 69.3 %. The lower actual yield can be explained by sublimation of the cubane. It should also be noted that a brownish-black powder was obtained, which still contained around 3 % of carbon. The XRD analysis of this material (Figure 3 e) showed that a-Zn 2 SiO 4 is the main product of the solid-state decomposition of the cubane when an oxygen-containing atmosphere is used. All diffraction peaks, except for the one at 2q = 36.38, can be correlat- ed to a-Zn 2 SiO 4 . The latter most probably originates from ZnO. According to Scherrer×s equation the size of the aZn 2 SiO 4 crystallites is around 61 nm. It should be noted that the determination of the particle size from PXRD data by using the Scherrer equation is reliable only for particles below 50 nm, because measurementspecific effects always lead to line broadening, even when the particles are larger in reality. Thus, we also investigated the particles that resulted from the solid-state decomposition in an oxygen atmosphere at a final temperature of 900 8C (Figure 1 c) by TEM. Huge particles, ranging from several hundred nanometers to micrometers, are found. Due to the limited transparency of these particles in the electron beam, it was not possible to establish whether these particles contain smaller particles with sizes similar to those calculated from PXRD.
Summarizing the results obtained for this section, we can say that evaporation of the cubane into the gas phase is feasible without decomposition at temperatures below 300 8C. At temperatures below 160 8C (in argon) there is also minimal solid-state decomposition of the cubane in the evaporation boat, which only results in a decrease of the evaporation rate. We therefore decided on a maximum temperature of 140 8C for the evaporation of the cubane. It is further seen that the transformation of the cubane to a-Zn 2 SiO 4 is indeed realized under oxidizing conditions. Thus, analogous transformations under CVS conditions will be studied in the next section. The previous findings, therefore, provide the motivation for the particular setup we used for the CVS experiments (Figure 2) .
Decomposition under CVS conditions
The cubane was vaporized in flowing N 2 in a tube furnace. O 2 was then added to oxidize it inside the second furnace (see Experimental Section and Figure 2 for details). As mentioned earlier, the decomposition under CVS conditions is rather different from the solid-state decomposition, since the precursor concentration is only in the parts per million (ppm) range. For example, in the present study, the maximum precursor concentration was % 4 ppm (on a molar basis, measured by a gravimetric method). The details of the CVS conditions and further sintering of these deposits are given in Table 1 and the setup for the experiment is shown in Figure 2 . The products were investigated by XRD, IR, Raman, UV/VIS, and NMR spectroscopy, (HR)TEM, and elemental analysis.
XRD results: The XRD pattern of the product obtained by decomposing the cubane in presence of O 2 at 750 8C (Z750; see Table 1 ) is shown in Figure 3 a. The absence of diffraction peaks indicates that the deposited material is amorphous. The deposit was further heated to 750 8C in a pure 
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argon atmosphere for four hours to give the Z750S sample. The XRD pattern of this compound shows the presence of several broad peaks (Figure 3 b) . Most of these peaks can be assigned to b-Zn 2 SiO 4 (JCPDS: 14-0653) without any ambiguity. It should be noted that b-Zn 2 SiO 4 is a metastable phase that occurs under certain process conditions, and is quite stable at room temperature. [16] At high temperatures, however, this phase transforms into a-Zn 2 SiO 4 . [16] The origin of the so-far unassigned peaks in the XRD pattern (Figure 3 b ) may either be ZnO (JCPDS: 36-1451) or Zn 1.7 SiO 4 (JCPDS: . Similar diffraction patterns have been reported by Kang et al.
[10b] They assigned the mentioned diffraction peaks to ZnO present as an impurity in the sample. However, the peaks at 2q = 24.68 and 26.88 cannot be assigned to ZnO. On the other hand, all the peaks in the present XRD pattern match very well when the peaks are attributed to b-Zn 2 SiO 4 and Zn 1.7 SiO 4 . One should note that Zn 1.7 SiO 4 is also a metastable phase that exists at high pressures (> 80 kbar). [17] Although the particle formation processes took place at 1 bar in the present study, the pressure inside the nanometer-sized particles will be significantly higher. The relationship between interior pressure and particle size is given by the Laplace±Young relationship. [18] The Laplace±Young relationship demonstrates that the pressure inside nanosized particles is higher than the external pressure, and thus may stabilize a high-pressure phase. This phenomenon has been reported for other systems: for example, a high-pressure phase of alumina (g-Al 2 O 3 ) was found when the size of alumina particles approached~35 nm, and a high-pressure cubic phase was observed in 5 nm CdS particles. [18b, 19] Therefore, it is possible to rationalize the formation of Zn 1.7 SiO 4 . Nevertheless, we applied HRTEM (see below) to confirm its occurrence.
The XRD pattern of the as-deposited sample Z900, obtained at a temperature of 900 8C in the decomposition furnace, is shown in Figure 3 c. The XRD results are very similar to those obtained for the Z750S sample and show a mixture of b-Zn 2 SiO 4 and Zn 1.7 SiO 4 . The XRD pattern of the samples sintered at 900 8C (Z900S) shows (Figure 3 d) that the heat treatment induces a phase transition to a-Zn 2 SiO 4 (JCPDS: 37-1485). One may expect the formation of SiO 2 due to the presence of an equal atomic ratio of zinc and silicon in the starting precursor. However, no diffraction peaks of SiO 2 were observed at this temperature, since SiO 2 is amorphous at this temperature. The presence of b-Zn 2 SiO 4 and Zn 1.7 SiO 4 in the as-prepared sample at 900 8C is due to the very short residence time of the particles inside the hot zone of the furnace (11 s), which is probably not sufficient for the a-Zn 2 SiO 4 to be formed directly. The formation of aZn 2 SiO 4 on further sintering of these particles in an inert atmosphere suggests that bZn 2 SiO 4 , and Zn 1.7 SiO 4 are homogeneously distributed. The crystallite size of a-Zn 2 SiO 4 prepared by post sintering was calculated from the full width at half maximum (FWHM) of the (220) peak (2q = 25.568) using Scherrer×s equation, and gave d c = 39 nm. This result clearly indicates the formation of nanocrystalline a-Zn 2 SiO 4 with the smallest crystallite size reported so far. Shortening of the heat treatment will probably reduce the crystal growth and hence cause a further decrease in crystallite size.
Thus, CVS enabled the transformation of the cubane [{MeZnOSiMe 3 } 4 ] into a-Zn 2 SiO 4 in several steps. It seems that at first an amorphous phase containing Zn, Si, and O is formed, which we denote as (Zn-O-Si) n . At higher temperatures or on longer heat treatment (Z750S and Z900), a metastable zinc±silicate phase results, which can finally be transformed into a-Zn 2 SiO 4 . An open question that remains after XRD analysis is whether zinc silicate is the only product or whether other noncrystalline phases exist.
FT-IR results:
To monitor the transformation from the cubane to a-Zn 2 SiO 4 , we recorded FT-IR spectra of the different stages prepared by the CVS method (Figure 4) . The IR spectra of the cubane, nanocrystalline ZnO (crystallite size~50 nm), and amorphous SiO 2 serve as reference spectra. Only the region between 1300 and 400 cm À1 is shown because the main vibrational modes of the orthosilicates fall into this range. The spectrum of the Z750 sample shows the presence of two broad absorption bands with the minima at % 1000 and 500 cm À1 (Figure 4 d) . This spectrum is different from that of the starting precursor (Figure 4 a) and is very similar to the reported results for the amorphous gel produced in the sol±gel synthesis of Zn 2 SiO 4 . [6a,b] However, to fully understand the IR spectrum of Z750, it is worthwhile to consider the spectra of ZnO and amorphous SiO 2 in some detail (see Figure 4 b and c). Amorphous silica (Figure 4 c) . It seems that the spectrum of Z750 is a superposition of the IR spectra of silica and zinc oxide. This also explains why the bands appear so broad. IR spectroscopy is a valuable technique because it provides clues for certain bonding motifs. Thus, the Z750 sample definitely contains Si-O-Si and Zn-O-Zn bonds (as in ZnO). However, the strong bands at 940 and 546 cm À1 (not resolved) in the Z750 sample cannot be assigned to Si À O or ZnÀO stretching modes, respectively. [6a, 20] These bands have to be assigned to a new feature. The IR spectrum of the Z900S sample (see Figure 4 g ), for which it is already known that zinc silicate is the main component, helps to understand these two bands, because the main bands of the Z900S sample are in the same frequency region. Therefore, we interpret these two bands as an indication of the occurrence of Zn-O-Si bonds, similar to those present in zinc silicates. The amorphous character of the Z750 sample explains why the bands representing the Zn-O-Si bonds are so broad and unresolved.
The observed vibrational modes for the Z900S samples occur at 1100, 975, 935, 903, 870, 800, 610, 580, and 460 cm are due to Zn 2 SiO 4 , and the position of the absorption bands is very similar to the reported IR spectrum of bulk Zn 2 SiO 4 . [6a, 20] The absorption bands at 1100 and 800 cm À1 match well with the reported data for SiO 2 , and thus can be clearly assigned to amorphous SiO 2 present within the sample. [20] The IR spectra of the samples Z750S and Z900 were recorded as well. As already seen by XRD, these two samples do not differ much. The very broad and unstructured bands that occurred for the amorphous and ill-defined (Zn-O-Si) n phase of the Z750 sample are replaced by much more structured bands. The typical modes for Zn 2 SiO 4 (932 cm ) can be clearly identified in the Z750S and Z900 samples. The bands of the Z900 sample even appear a bit more defined than those of the Z750S sample, but not as structured as for the Z900S sample. It is also very interesting to compare the transition Z900!Z900S (Figure 4 f and g ). The characteristic bands for Zn 2 SiO 4 become more defined, but at the same time the bands for SiÀO and ZnÀO decrease, which indicates that the SiÀO and ZnÀO bonds are broken during the conversion to Zn 2 SiO 4 .
The intensity of the bands for the SiÀO bonds in the IR spectra is very high; therefore, we decided to analyze the samples by Raman spectroscopy as well in an attempt to gain additional important information.
Raman results: The motivation for applying Raman spectroscopy was to confirm the presence of ZnO in the ZS750S and ZS900 samples. However, instead of getting a well-resolved Raman spectrum of ZnO as reported in the literature, [20b] we found spectra that were dominated by fluorescence radiation. This fluorescence radiation is, especially in the case of zinc silicate systems, typical for nanoscaled zinc silicate particles. Similar findings have been reported before.
[20c]
Solid-state NMR results: We probed the local chemical environment in this system by 29 Si-MAS NMR spectroscopy, and recorded solid-state NMR spectra of the Z750, Z900, and Z900S samples ( Figure 5 ); amorphous SiO 2 was measured as a reference sample. As is typical for amorphous silica, a group of three 29 Si NMR signals (q 2 = À92, q 3 = À101, q 4 = À110 ppm) is visible in Figure 5 a. The q 2/3/4 signals are significant for SiO 4 tetrahedra with different degrees of condensation (Si-O-Si). The signal-to-noise ratio for the measurements is not ideal, despite measurement times of 48 h per sample. However, one difference in comparison to the SiO 2 reference is evident. An additional band around À70 ppm appears in the spectra (b±d), which we attribute to the occurrence of Si-O-Zn species. This interpretation is supported by a previous report, [20d] in which the appearance of zinc±silicate nanoclusters in ZnO/SiO 2 mixtures was also evidenced by an additional signal in the 29 Si NMR spectrum at approximately À70 ppm. A difference in chemical shift from Z750 (d = À76 ppm) to Z900 (d = À70 ppm) can also be seen, but due to the low signal-to-noise ratio it is questionable whether this difference is significant. Due to the low quality of the data it was difficult to evaluate the spectra in a quantitative fashion. However, deconvolution of the curves indicates that the signals representing Si atoms in a Si-O-Zn environment increase in the series Z750!Z900! Z900S. This agrees with the findings from the IR measurements, and is also consistent with the results already presented for XRD investigations. The presence of Si-O-Si and Si-O-Zn species is therefore confirmed. 
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Since the solid-state decomposition led to a product containing significant amounts of elemental carbon, the optical properties of the materials originating from the CVS process are of special importance.
Solid-state UV/Vis spectroscopy: First of all, it is important to note that the materials obtained by CVS are colorless powders. Elemental analysis did not detect the presence of carbon, thus proving a carbon content below 1 %. UV/Vis spectra were recorded in reflection mode. Keeping potential applications of the materials presented in this study in mind, it is important to gather information about their optical properties. There is only a very weak absorption at 674 nm in the visible region. A strong UV absorption (l 1/2 ) is found at 372 nm, which can be attributed to Zn 2 SiO 4 , but also to ZnO. [20e] Taking the XRD, IR, UV/Vis, Raman and NMR results into consideration, the composition of the final products and the course of the transformation can be summarized as follows. The cubane is first transformed under the influence of oxygen into an amorphous phase that shows bond characteristics of Zn-O-Si (pre-organized in the cubane itself) as in zinc silicate, Zn-O-Zn (also pre-organized in the cubane), and Si-O-Si as in amorphous silica. To obtain further information about the morphology of the resulting materials, we performed transmission electron microscopy.
TEM results: Figure 6 a shows the CTEM (conventional TEM) image of the polydisperse aerosol formed at 750 8C (Z750). The micrograph shows the formation of aggregates containing several tens of primary particles with an average diameter of 12 nm. The particles were found to be amorphous by electron diffraction, which is in agreement with XRD. Energy-dispersive X-ray (EDX) elemental analysis on twenty different aggregates confirms the homogeneous distribution of both Zn and Si in these particles. The Zn:Si ratio was found to be almost 50:50 (within an error limit of AE 5 %). No individual agglomerate was found that contained either only Zn or Si. These results indicate that the precursor in the gas phase directly oxidizes to give amorphous material without any dissociation of the Zn-O-Si motifs at this temperature. Thus, the CTEM results for the Z750 sample are in good agreement with the previously obtained XRD and IR results. The CTEM image of the Z750S sample (Figure 6 b) shows the formation of large agglomerates, and the presence of a large amount of fine crystallites with a diameter of 5±8 nm inside the primary particles. These fine crystallites are probably the crystalline Zn 1.7 SiO 4 or b-Zn 2 SiO 4 phases as found by XRD.
The CTEM image of the aerosol formed at 900 8C (Z900) is shown in Figure 7 a. Interestingly, in contrast to the findings of the previously employed analytical methods, the Z750S and Z900 samples differ significantly. The micrograph shows that most of the particles formed at 900 8C have a spherical morphology, are not agglomerated, and the particle diameter varies from 30 to 80 nm. Looking at these spherical particles more closely at higher magnification reveals that some very small crystallites are embedded inside the matrix of the larger amorphous spherical particles. Figure 7 b shows the dark-field CTEM image of size-classified particles with a mobility-equivalent diameter of about 35 nm formed at 900 8C. The micrograph shows the presence of very fine crystallites (3±5 nm in size). The sample was found to be very sensitive to the electron beam. Longer exposure of the spherically shaped particles gave rise to a roughening of the surfaces of these spheres, originating from a growth of the crystallites within the particles (even with a widely spread beam and reduced beam intensity).
To get a better insight into the composition of the fine 3± 5-nm crystals, as well as into the amorphous matrix of the larger spheres (30±80 nm in size), in which these fine crystals are embedded, high-resolution TEM (HRTEM) studies were performed on the Z900 sample. Figure 7 c and d show two HRTEM images of sample Z900, which are slightly contrast-enhanced by the addition of a Fourier-filtered image to the original micrograph. The images clearly show the occurrence of small crystallites of roughly 5 nm in size. The measured lattice spacings are indicated in the figures. An unambiguous identification of the crystal phase from lattice spacings is hampered by the following facts. First, the error in the quantitative determination of the lattice spacings from a HRTEM image (that does not contain any lattice fringes usable for calibration) is as large as 3 %, and second, below 0.3 nm, the lattice spacings (d values) of all materials to be considered (ZnO, Zn 1.7 SiO 4 , aZn 2 SiO 4 and b-Zn 2 SiO 4 ) are very similar. However, according to the XRD results, the occurrence of a-Zn 2 SiO 4 can be ruled out. As a consequence, the observed lattice spacings of d = 0.248, 0.278, and 0.283 nm confirm the presence of ZnO, Zn 1.7 SiO 4 , or b-Zn 2 SiO 4 nanocrystals. Within the error Bearing in mind the overall 1:1 atomic composition of Zn:Si (from EDX) in the large spherical particles, the presence of fine crystallites of Zn 1.7 SiO 4 or b-Zn 2 SiO 4 inside these spherical particles, and the presence of both Zn and Si in the amorphous matrix, leads to the conclusion that the amorphous matrix is rich in silicon.
The TEM image of the Z900S is shown in Figure 8 a. The image shows that sintering induces neck formation between the primary particles and a more crystalline structure. The mean primary particle diameter was found to be about 42 nm, which is close to the crystallite size obtained by XRD (d c = 39 nm). This result might be taken to infer that the primary particles are mainly single-crystalline;
however, dark-field CTEM analysis reveals the presence of very large numbers of 5±20-nm crystallites embedded inside an amorphous matrix (Figure 8 b) . The EDX analysis shows the presence of equal atomic percentages of Zn and Si in this sample. These results lead us to believe that fine crystallites of a-Zn 2 SiO 4 are embedded in an amorphous matrix of SiO 2 , which is in good agreement with XRD, MAS-NMR, and IR results.
The particle formation mechanism: The various analytical techniques provided us with sufficient information on the chemical and structural phase transformations. This allows us to propose a particle formation mechanism, which is shown in Figure 9 . The subsequent steps will now be rationalized in detail.
A mixture of the gaseous cubane [{MeZnOSiMe 3 } 4 ] and O 2 enters the decomposition furnace. The temperature increases in the beginning of the hot zone and conversion into an unknown oxidized form of the cubane takes place. This is Figure 1 b ). In the hot zone of the decomposition furnace, particle formation is induced by oligomerization into (Zn-O-Si) n species, and, at the same time, breaking of the SiÀC bonds. The SiÀO motifs resulting from this oxidation are also suitable candidates for Si-O-Si formation. The oligomerization, which requires binary collisions, is limited due to the low concentration of the reactive gas-phase species (% 4 ppm). Based on elementary kinetic gas theory and a collisional diameter of 0.86 nm, we estimate that each cubane cluster experiences some 10 5 collisions per second with other cubanes. Collisions will lead to an increase in the degree of aggregation of the (Zn-O-Si) n phase. The increasing mass of these aggregates will lead to a rapid decrease in their vapor pressure p S . Consequently, supersaturation S = p/p S increases until some critical value is exceeded, and the clusters become stable nuclei which then grow further.
After the cubane has been transformed into stable clusters, collisions between particles take place due to Brownian motion. Based on free molecular theory, we calculated the Brownian collision rate for the case where 4 ppm (molar base) cubane was completely converted into 10 nm particles. Under these conditions, each particle experiences several hundred collisions per second, confirming that Brownian collisions play an important role. The appearance of spherical particles at 900 8C, in contrast to the aggregates at 750 8C, indicates that the (Zn-O-Si) n phase formed is liquid at 900 8C and solid at 750 8C. Thus, at 900 8C, Brownian collisions of two liquid particles lead to the formation of one larger liquid particle (Figure 7 a) . At 750 8C, solid particles collide and stick together due to van der Waals forces, leading to the formation of aggregates of small primary particles (Figure 6 a) .
Extended heat treatment at 750 8C, or an increase in decomposition temperature to 900 8C, leads to the formation of crystallites of b-Zn 2 SiO 4 and Zn 1.7 SiO 4 dispersed in a Sirich amorphous matrix.
Interestingly, in order to form zinc orthosilicate, a transition from the (Zn-O-Si) n phase to an ionic phase Zn 2 SiO 4 , [20a, 22] containing Zn 2 + and [SiO 4 4À ] ions, should take place. The formation of zinc silicate is expected to be exothermic, [23] but the thermal energy at 900 8C apparently only suffices to overcome the activation energy necessary to break the Zn-O-Si bonds. However, the residence time inside the furnace at 900 8C is not sufficient to convert all the (Zn-O-Si) n phase into zinc silicate. Sintering the sample at 900 8C increases the yield of zinc orthosilicate. The solidification of the Si-rich liquid phase occurred after the aerosol was cooled down and thus hindered further crystal growth by diffusion. The high cooling rate of several hundred degrees per second is probably responsible for the formation of metastable b-Zn 2 SiO 4 rather than thermodynamically stable a-Zn 2 SiO 4 . Only the extended heat treatment of the powder at 900 8C converted the metastable phases into the stable a-Zn 2 SiO 4 .
Conclusion
In the current contribution, a new method was introduced to prepare a material of immense technical interest, a-willemite, in nanocrystalline form. It was shown that the cubane [{MeZn(OSiMe 3 )} 4 ] acts as a single-source precursor for aZn 2 SiO 4 under oxidizing conditions. Although solid-state decomposition of the cubane also gave a-Zn 2 SiO 4 , the lack of nanocrystallinity and the occurrence of carbon contamination are disadvantageous. Thus, we studied the transformation of the cubane in the gas phase by chemical vapor synthesis. Surprisingly, the gas-phase decomposition of the cubane takes place at higher temperatures than the solidstate decomposition. The investigations showed that the Zn-O-Si bonds pre-organized in the cubane were retained in the final products. Interestingly, at low temperatures or short residence times, a metastable form (b-Zn 2 SiO 4 ) and a high-pressure phase (Zn 1.7 SiO 4 ) were formed. These phases transform into the desired a-Zn 2 SiO 4 imbedded in an amorphous SiO 2 matrix through extended sintering at 900 8C. However, the smallest crystals of a-Zn 2 SiO 4 so far reported in the literature were still obtained. In contrast to the solidstate decomposition, the high dispersion of the species in the aerosol, and the improved contact with O 2 , led to a carbon-free product.
Chemical vapor synthesis and modern organometallic single-source precursor chemistry proves to be a very promising combination with which to obtain materials with a high degree of compositional control (purity of the materials) and morphological control (small particles).
In the future, we will extend our approach towards the synthesis of doped zinc-oxide-based materials by preparing suitable organometallic precursors.
Experimental Section
The volatile solid precursor used in this method was a siloxy-substituted tetranuclear heterocubane (cubane) and was synthesized by using the procedure reported earlier.
[14] The precursor was handled under an inert atmosphere at all times using Schlenk-techniques and a glove box.
The experimental setup used for this study is depicted in Figure 2 . It consists of an evaporation furnace, a decomposition furnace, a particle charger, a particle precipitator, and an on-line particle-size measurement system, which could also be used for size selections. The precursor was vaporized in a tube furnace at 60±140 8C and then carried to another tube furnace using nitrogen as carrier gas. A flow rate of 1 L min À1 of N 2 was used in the present study. For oxidation of the precursor, 0.5 L min
À1
of O 2 was added before the second furnace. Decomposition and oxidation of the precursor take place in the second furnace at elevated temperatures. The particles formed after decomposition remain as an aerosol in the gas phase, and were then passed through a radioactive a-source ( 241 Am) to charge the particles electrically. This polydisperse charged particles were then either deposited directly or passed through a differential mobility analyzer (DMA, TSI-Short, Minneapolis, USA) for size classification, and then deposited with % 100 % efficiency on a suitable substrate (TEM grid or Si (100) wafer) using an electrostatic precipitator. [24] In the DMA the charged particles are size-selected on the basis of their electrical mobility, which is a function of their charge level, mass, and shape. Thus, choosing a particular applied voltage and flow ratio in the DMA, a monodisperse aerosol with an adjustable size between 10 and 100 nm and standard deviation below 10 % can be obtained in the present system. A condensation nucleus counter (CNC, TSI, Model-3022, Minneapolis, USA) was used to monitor the aerosol number concentration. The produced polydisperse aerosol was then also examined with the differential mobility particle sizing (DMPS) technique (TSI, Model-3081) for particle size distribution with respect to time, precursor evaporation temperature, and precursor decomposition temperature. The deposited particles were scratched carefully from the substrate and then sintered further in a pure argon atmosphere.
X-ray diffraction analyses of all the powder samples and deposited particles were performed on a Bruker -AXS D8 Advance using Cu Ka radiation and a position-sensitive detector (PSD). Thermogravimetric analyses (DTA-TG) of the precursor were carried out with a thermal analyzer (Seiko Instruments) in the range 25 8C to 900 8C in argon and oxygen. A linear rate of heating of 5 K min À1 was maintained during all the measurements. Conventional transmission electron microscopy (CTEM) was performed on a Philips CM12 microscope (LaB 6 filament, 120 kV, Twin lens) equipped with an energy-dispersive X-ray spectrometer (EDX, type Oxford Link). The sintered powder samples were suspended in cyclohexane using an ultrasonic bath for 5 min and then left to dry on a carboncoated TEM grid. High-resolution transmission electron microscopy (HRTEM) was conducted on a Philips Tecnai F20ST microscope (field emission gun, 200 kV, Super-Twin lens) equipped with an EDX system (type EDAX Phoenix) and a post-column Gatan image filter (type Gatan GIF 2000) for electron-energy loss spectroscopy. FT-IR spectra were recorded by using a Bruker Vector 22 spectrometer from KBr pellets. FTRaman spectra were recorded by using a Bruker IFS 66 spectrometer with a 532 nm excitation laser. UV/Vis spectra were recorded by using a Perkin Elmer Lambda 20 spectrometer equipped with a reflecting sphere Labsphere RSA-PE-20. Solid-state NMR spectra were recorded by using a Bruker DRX 400 spectrometer.
